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Abstract— The Goldstone Solar System Radar (GSSR) facility
is the largest fully steerable ground-based radar in the world for
nonclassified high-resolution ranging and imaging of planetary
and small-body targets. Over the years, the use of the GSSR to
detect and characterize near-Earth objects (NEOs) has become
critical to keep track of potential Earth-impacting hazardous
NEO. This article relates the specific modifications made to the
GSSR hardware and procedures in the last few years, as well
as the new capabilities derived from those upgrades: reduced
complexity in remote operations, increased experimental design
versatility, and increased performance on bistatic radar experi-
ments from GSSR to other complexes. In addition, we dedicate
a section to provide an update on the current GSSR power
capabilities as the new klystrons are installed. The work detailed
in this article is intended to reach the broader science community
in order to communicate how those modifications and the derived
new capabilities can make science experiments more successful.
Index Terms— Goldstone Solar System Radar (GSSR), plane-
tary radar, observatory.
I. INTRODUCTION
THE Goldstone Solar System Radar (GSSR) originatedin 1958 during the beginning of the National Aeronautics
and Space Administration (NASA) space program, as NASA
recognized that planetary research required a two-way commu-
nication capability on Earth. The GSSR is located in Barstow,
California, at one of the three Deep Space Network (DSN)
sites, and its technology was developed by the Jet Propulsion
Laboratory (JPL), universities, and industry. The requirements
on the antenna size and the high-power transmitter were
derived from projects such as Project Echo (1960–1964, [1])
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at the DSN, which in turn benefited the GSSR technology
developments. The relevance of the GSSR grew with the
passing of the years as the science community soon realized
its potential to obtain critical information to design spacecraft
missions to planets, asteroids, moons, and comets. From its
creation, the GSSR has supported observations of Venus
(see [2]–[4]), Mercury (see [5]–[7]), Moon (see [8], [9]),
Mars (see [10]–[12]), the Galilean satellites [13], and Titan
(see [14, [15]). More recently, the use of GSSR has been
focused primarily in the tracking and characterization of NEOs
(see [16]–[25]). As NASA funded more experiments, those
experiments helped in defining new requirements to build new
capabilities that in turn helped the GSSR to stay at the leading
edge of planetary radar technology.
This article describes the modifications and the new capa-
bilities added to the GSSR in the last few years. The devel-
opments allow the automation of the majority of GSSR
operations of the radar and make possible the definition of
new experiments. In order to provide to the reader a com-
plete understanding of the GSSR, in Section II, we include,
summarized from [26] and [27], an overview of the GSSR
elements, the modes of observation, an overview of the GSSR
hardware interface, and the type of measurements that can
be carried out. Section III describes the capabilities already
existing by describing the different experiments that are reg-
ularly conducted and the science that can be accomplished
through those experiments. Section IV describes the spe-
cific modifications made on the GSSR that have enabled
new capabilities: reduced complexity in remote operations,
increased experimental design versatility, and increased per-
formance on bistatic radar experiments from GSSR to other
observatories. Section V is dedicated to provide an updated
status on the GSSR power capabilities, as new klystrons are
being delivered by Communications and Power Industries
(CPIs) to the Jet Propulsion Laboratory (JPL) and being
installed at the Deep Space Station (DSS) at Goldstone DSN,
enabling GSSR with improved power capabilities restoring
it to full-power operations. A conclusion is provided in
Section VI.
II. GSSR: DESCRIPTION
This section provides an overview of the GSSR, describing
its main elements, different modes of observation, the GSSR’s
hardware interface, and the measurements that are regularly
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Fig. 1. Detailed block diagram of all GSSR hardware parts. Orange box delimits the transmitter system, green box delimits the receiving system, and yellow
box delimits the DAS. A legend is provided on the right side.
carried out. For extended information on this section, refer
to [26] and [27].
A. GSSR Elements
The main elements of the GSSR are the transmitter,
the antenna, the receiver, and the data acquisition subsystems
(DASS). The GSSR block diagram is shown in Fig. 1.
The GSSR systems have been marked in three colored
boxes: the orange dashed box includes the transmitter ele-
ments, the green dashed box includes the receiver elements,
and the yellow dashed box includes the DAS elements. Also,
the antenna elements are shown at the top of Fig. 1: DSS-14
antenna and the quasi-optical switch. All these system ele-
ments are further described in Sections II-A1–II-A4.
1) GSSR Transmitter: The GSSR high-power transmitter
subsystem operates at the X-band (8560 MHz), [28], and is
capable of radiating ∼450 kW by low-loss power combining
the output from two 250-kW klystrons. The transmitter signal
sources from the transmitter programmable oscillator (Tx PO,
Fig. 1), which has an internal 1.12-GHz crystal oscillator, are
referenced by the station’s 100-MHz clock. The 560-MHz
output signal is then modulated with a baseband waveform
that is generated from the waveform generator. Alternatively,
as it will be described in the new capabilities, an Arbitrary
Waveform Generator (Signatec AWG, Fig. 1) has been added
to the GSSR systems and allows the generation of more
versatile waveforms. This waveform is injected into the signal
path via an exciter, mixing it with an 8-GHz signal to produce
the desired 8560-MHz waveform, which is then filtered and
amplified to condition it for amplification by two klystrons.
Klystrons are high-power amplifiers [29], invented in 1937 by
American electrical engineers Russell and Sigurd Varian,
based on the principle of an electron beam interacting with
radio waves as it passes through resonant cavities, metal boxes,
along the length of a tube. GSSR klystrons are designed by
CPI. The klystrons are design to produce at least 250 kW of
output power at a beam voltage not exceeding 53 kV [29]. Kly-
strons achieve a bandpass, whose spectrum is nearly flat across
the central 45 MHz with a variation of less <1 dB, and an
excellent gain, >49 dB, which surpasses the requirements for
performance [29]. Klystrons are vacuum tube electron beam
devices that are the key amplifying elements of most radio
frequency telecommunications and radar transmitter systems.
The main elements of the GSSR klystrons [29] are the electron
gun, the multicavity RF body, the solenoid focusing magnet,
the output circuit and vacuum window, and the collector for
the spent electron beam. An updated status of the GSSR
transmitter current power capabilities is provided in Section V.
The abovementioned waveform generator can provide,
therefore, a constant radio frequency signal with no time mod-
ulation for the continuous wave (CW) mode, a pseudo-noise
(PN) code modulation for the binary phased-coded (BPC)
mode, or a linear frequency modulation (LFM) for the chirp-
ing mode. Those waveform types are further explained in
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Section III. Table I lists the specifications for the GSSR
transmitter performance, which are obtained from [30].
2) GSSR Antenna: The GSSR antenna subsystem is com-
posed of a 70-m-diameter dish (Deep Space Station 14
[DSS-14]), a subreflector, a supporting quadripod, a the point-
ing system. Fig. 2 shows an illustration of the DSS-14 70-m
antenna and its main components.
The 70-m antenna is a fully steerable beam-shaped reflector
with horn feeds and Cassegrain configuration [31]. Its surface
consists of ∼1200 precision-shaped aluminum trapezoidal
panels individually adjusted for optimum performance. The
required accuracy is 1/16 of a wavelength, but there are
small distortions on the antenna shape as a function of the
elevation pointing angle that results in small loss gain due
to the varying stress from gravity on the structure and wind
loading and thermal stress. The panels near the center of
the dish are solid, but the panels away from the center are
perforated to reduce weight and the effect of wind. The effect
of mechanical surface deviation on antenna gain is ∼0.5 dB
at 8560 MHz. The subreflector is mounted on a quadripod
support inside the main antenna dish (Fig. 2). During radar
operations, the subreflector is focused on the transmit horn.
The generated signal is sent by the transmitter through the
klystron amplifiers and out the GSSR transmitter horn, where a
quasi-optical transmit/receive switch (QOS, also referred to as
TABLE II
GSSR ANTENNA MAIN CHARACTERISTICS
a mirror) is used to provide rapid switching from transmission
to receiving and vice versa. The QOS moves over the transmit
horn during receiving to direct the RF energy to the receive
horn. The pointing system is stable, as it is installed in the
rotatable tower—a vibration-free platform independent from
the pedestal—and allows for remote pointing control carried
out from the signal processing center-house in an adjacent
building. The pointing allows target detection of the entire
sky north of declination −50◦ and can achieve nearly 11 h
of tracking at 35◦ declination. The high-accuracy pointing
is obtained by implementing a master equatorial pointing
method [30]. Table II summarizes the GSSR antenna main
characteristics.
3) GSSR Receiver: After the signal arrives to the antenna,
the receiver amplifies the echoes received by the antenna,
which are extremely weak, through a high-electron mobility
transistor (HEMT) low-noise amplifier (LNA) (see Fig. 1).
To optimize the amplifier chain, the front-end receiver stages
are located at a minimum distance from the feedhorns in the
antenna. The rest of the receiver stages occurs in the pedestal
of the antenna. In addition, the receiver processes two iden-
tical receiver channels, using two HEMT-LNA and providing
two orthogonal circular polarizations (left-LC and right-RC),
commonly referred to as same sense (SC) and opposite sense
(OC), depending on the transmitter polarization.
Next, the signal goes into the downconversion stage. The
downconversion follows a superheterodyne scheme, where the
radio signal is converted to lower frequencies in various steps,
intermediate frequencies (IFs), by mixing the radar echoes
with frequency stable pure sine waves or local oscillators
(LOs). The downconverter, therefore, mixes the RF produced
from the HEMT-LNAs with the LO (RX LO, Fig. 1) signal to
produce an IF centered at 325 MHz. The receiver then outputs
the signal to the DAS. Table III shows a summary of the GSSR
receiver performance, whose values are obtained from [30].
4) GSSR DAS: The DAS is critical for conversion of the
analog signals from the receiver-to-digital data (A/D con-
verters) that is recorded to disks for offline data analysis.
Fig. 1 shows the DCAR, a back-end receiver that digitizes the
abovementioned IF output, and a signal of 50-MHz bandwidth
centered at 325 MHz.
The software that is used to command and control the radar
is included in the DAS. Parts of that software use ephemerides
information to drive the POs, an important part of the GSSR
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TABLE III
GSSR RECEIVER PERFORMANCE
system. The data acquisition and digital signal processing
(DAQ–DSP, Fig. 1) computer carries out the appropriate
signal processing depending on the goals of the particular
observation.
1) For CW signals, the DAS computes the power spectrum
of the received signal.
2) For BPC and LFM signals, data reduction is also carried
out by the DAS by convolving the received signal with
a replica of the transmitted signal. The FFT is applied
to produce a delay-Doppler image.
B. Mode of Observation
In this section, the two primary modes of operation are
summarized: monostatic and bistatic. A multistatic (interfer-
ometry) implementation is also possible when more than two
receive antennas are involved in the measurements.
1) Monostatic Observation: Monostatic radar involves a
single antenna. At Goldstone, only DSS-14 is currently capa-
ble of carrying out such an observation. The QOS, explained
in Section II-A2, installed on top of X-band and K-band
receiver (XKR) cones, allows the radar waveform generated by
the transmitter to exit the transmitting horn illuminating the
antenna, and allows the antenna to illuminate the receiving
horn, so the DSS-14 can rapidly switch from a transmit
position to a receive position, and vice versa.
At the start of a monostatic run, the QOS is configured
for transmission and an interlock switch is engaged to protect
the LNA from any scattered radiation entering the receive
horn, i.e., the safety of the transmitter is preserved with
proper interlock protocol. Transmissions occur for the full
interval of the round-trip (RT) light travel time to the target.
Then, the quasi-optical switch is configured for reception,
while the interlock switch is disengaged. The returning radar
reflection is recorded before the second RT time ends, and
then data reduction starts. This procedure is usually repeated
multiple times. The minimum distance at which monostatic
observations can be conducted is 4 light seconds because the
quasi-optical switch and interlock switch cannot be completed
faster than 3 s.
2) Bistatic Observation: A bistatic track involves two anten-
nas, one transmits and one receives operating with overlapped
bandwidths. The GSSR signal can be received by other
TABLE IV
LIST OF BISTATIC RADAR OPERATION OPPORTUNITIES USING THE
SIGNAL TRANSMITTER BY THE GSSR. NOTE THAT AO IS NO
LONGER OPERATIONAL
Fig. 3. General connection diagram with all GSSR links to other subsystems.
antennas to carry out bistatic observations. These antennas
can be part of the DSN, intraagency observations, or antennas
located at other complexes, interagency observations, such as
Arecibo Observatory (AO) and Green Bank Telescope (GBT).
Table IV summarizes the antennas that can receive the GSSR
signal.
As Table IV shows, there are six possible combinations
using the GSSR as the transmitter. The advantage of using
interagency’s antennas for bistatic experiments, such as GBT
or in the past AO, is the size of the antennas: the GBT
antenna’s diameter is 100 m and the AO antenna’s diameter
is 305 m. Larger antennas provide higher receiving gain and,
therefore, more sensitivity to the target features.
C. Overview of the GSSR Hardware Interface
This section describes the GSSR hardware interface.
Fig. 3 shows a high-level connection diagram with all GSSR
links to other subsystems in order to provide a general
overview of the networks and the elements within each net-
work that are needed for the operation of the GSSR.
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The general connection diagram in Fig. 3 shows the GSSR
links to other subsystems through different local area net-
work (LAN) and secure connections. The following specific
LAN is involved:
1) Flight operations (FlightOPS) LAN is a highly secured
network used for housing DSN equipment, such as
antenna pointing controller and subreflector.
2) Science LAN is an internal network used for GSSR com-
puters that store configuration files (e.g., ephemerides
and real-time predict files), temporary data storage, and
archive data.
3) Private LAN is an internal network used by the process-
ing machines, as well as the support hardware, such as
synthesizers, waveform generators, and receivers.
4) Remote network is an external network used for visual-
ization at machines outside the private network, where
an observer can follow the postprocessing and the evolu-
tion of the experiments. One of the processing machines,
inside the private LAN, transfers the processed images
into the remote location.
The main brain is the GSSR sequencer which controls the
transmitter, microwave devices, QOS, and other system meters,
such as power and temperature, as well as communicates
with the equipment access controller (EAC) and matrix switch
through secure connections.
For transmission, the GSSR sequencer commands the wave-
form generator that generates the desired waveform, either
standard CW, BPC, or chirp, or some more versatile waveform
using the new arbitrary waveform generator (described in
Section IV). The waveform is then provided to the exciter and
it continues through various elements as shown in Fig. 1. The
GSSR waveform generator has an option to generate Doppler
precompensated waveforms. The advantage of precompen-
sating Doppler is to minimize the receive signal processing
time so that the results are available in real time. With that
information, the ephemeris can be refined and updated. The
ephemeris provides the antenna with the object’s trajectory
information. Typically, ephemeris files are prepared by the
principal investigator (P.I.) and are provided to the GSSR
sequencer, which incorporates the information on those files
into the system. The pointing information is then sent to the
Antenna Pointing Controller Assembly (APCA) via the EAC
to ensure the antenna points in the correct direction. The same
file is also loaded into waveform generator, if Doppler precom-
pensation is needed, and into the back-end receiver/processing
machine for an absolute range calculation. The ephemeris file
provides the RT light-time from the transmitter to the target
and then back to the receiver. With RT time, the GSSR can
calculate Doppler’s frequency shift and time delay for range
phase.
During reception, once the samples from the receivers arrive
to the processing machines, real-time processing can be carried
out. The scientists analyze the data and make active decisions,
such as changing the waveform, increasing the baud rate,
or other parameters, and update ephemerides accordingly.
New set-ups are then introduced by the operator into the
system through an automated software package, and the GSSR
sequencer reads in all the information, as well as the updated
ephemeris files. The experiments, therefore, evolve as the track
advances and the resolution is dynamically improved.
D. GSSR Measurements
The received radar echo is further processed and ana-
lyzed in terms of amplitude, time delay, Doppler shift, and
polarization-related properties. For extended information on
this section, refer to [26] and [27].
1) Amplitude Measurements: The amplitude or strength of
the radar echo, received from a target, needs to be compensated
by the RT loss at interplanetary distances, transmitted power,
and antenna gain. The integration time required to have detec-
tion depends on the signal-to-noise ratio (SNR) at the input of
the receiver. Some objects can be detected in a few seconds,
while some others may take minutes. After compensation and
integration, the amplitude signal can derive the radar cross
section of the target and a measure of how much of the
incident energy reflects back from the target. A 3:1 SNR ratio
after processing is usually the minimum required for reliable
detectability.
The amplitude, linked to the radar cross section, is a mea-
sure of surface roughness and dielectric constant. Bright/strong
pulses are usually associated to smooth—or surfaces with
the right slope to be reflected back to Earth—and/or highly
reflective surfaces. Dark/weak pulses are usually associated
to rough surfaces—or smooth surfaces sloped so that the
incident wave reflects away from Earth—and/or surfaces very
absorptive at the wavelength used. The rougher the surface is
the more diffuse is the scattering and the broader the received
pulse appears in the frequency domain.
2) Time-Delay Measurements: Precise measurements of the
distance between the target and Earth are obtained by measur-
ing the time between the instant that the signal leaves the
transmitter and the time when the echo is received, the RT
to the target. Especially with large bodies, such as planets,
the difference between the shortest and longest delays can
be large. The difference between those delays is the range
dispersion, also known as radar depth, and the corresponding
distance is a measure of the radius of the target. This also
applies to asteroids, but being smaller bodies, the delay
resolution plays an important role in being able to determine
the size of those objects.
3) Doppler Shift Measurements: The Doppler shift is
defined as the change in frequency observed in the received
radar echo and caused by the interaction of the transmitted
radar echo with the target. The relative motion between the
target and the Earth-based GSSR produces a change in fre-
quency and the frequency spectrum broadens. The amount of
change depends on the relative velocity along the line of sight,
i.e., Earth rotation, difference in orbital velocities between
Earth and the target and the rotational motion of the target.
Therefore, the spectral shape of the received echo provides
information about the target. The center frequency of the
received echo provides information on the Doppler frequency
shift, which is a measure of the line-of-sight velocity or gross
motion. The frequency spread is caused by target rotation.
The received echo spectrum bandwidth is, therefore, a mea-
surement of the target rotation velocity, where fast-rotating
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targets, i.e., large radial velocity, cause a wide frequency
spread of the received echo and slow-rotation targets cause
narrow frequency spreads. Orientation of the target, i.e., angle
of the pole with respect to the line of sight from the target to
the radar, has an impact on the Doppler shift measurement.
When the target is orientated parallel with the spin axis,
Doppler broadening is 0. On the contrary, when the target is
orientated perpendicular to the spin axis, Doppler broadening
is maximum. The size of the target and the wavelength of the
object also plays a role on the Doppler spectrum width.
Performing a Fourier transform on the range gates pro-
duces a frequency spectrum for each one of them and a
delay-Doppler map is obtained. A delay-Doppler map is a way
to resolve the composite return signal in terms of latitude and
longitude of the target. Surface patches are uniquely identified
except for the north–south hemispherical ambiguity, as the
reflections from both of these surface points fall in the same
delay-Doppler cell. By adding viewing geometry changes,
or multistatic observations, this ambiguity can be resolved.
4) Polarization: The analysis of the polarization on plan-
etary radar signatures brings insight into the nature of the
surface, as it is a measure of its roughness. The GSSR can
transmit a user-selectable polarizer. Upon reflection on the
target surface those signals are reversed if the surface is
smooth, so the OS polarization receives most of the power.
If the surface is rough, SC polarization is also received. The
rougher the surface is, the more signal is collected in the SC
polarization, and less in the OS.
There have also been puzzling measurements where, given
the presence of ice in the observed surfaces which makes
them flat, while the echo was expected to appear in the OS
polarization of the transmitted signal, it appeared on the SC
polarization. That is the case of the Galilean satellites: Europa,
Ganymede, and Callisto. Most theories and models point to
the presence of structures that generate a double bounce,
producing the SC polarization echo.
But generally speaking, from the power received at each
polarization, the polarization ratio can be computed as the
amount of SC polarization signal over the OS polarization
signal. A polarization ratio near 0 is indication of smooth
surface, while a polarization ratio near 1 or larger means the
surface is rough on the order of the radar wavelength. Typi-
cally, most radar echoes have specular and diffuse components.
The polarization ratio can be computed at each point in the
frequency spectrum, making possible the location of smooth
and rough areas within the target surface.
III. EXISTING CAPABILITIES
The GSSR has the capability to operate with different
waveforms so it can be tailored to the specifics of the target
and the investigation; one radar mode would not be suitable
for the goals of all experimenters. Waveforms widely used
on past experiments include CW, BPC, and chirp. Also,
the transmitter/receiver configurations can be changed depend-
ing on the experiment, monostatic, or bistatic, as described in
Section II-B2.
The CW mode transmits a constant radio frequency signal
that has no time modulation. The amplitude and frequency
Fig. 4. CW waveform scheme.
Fig. 5. BPC waveform modulation scheme showing the phase of the signal
set to +90◦ and −90◦ according to a pseudo-random pattern.
bandwidth of the returned signal are used to determine the
target characteristics such as radar cross section, rotation rate,
and surface structure. The Doppler shift and frequency spread
of the received CW echo varies with the radar scattering
function of the target, and this is a function of the radius and
rotation rate of the target. A CW waveform scheme is shown
in Fig. 4.
The BPC mode is used for ranging measurements. A PN
code is modulated on the carrier. Code lengths are long enough
to cover the delay depth of the target, but not necessarily
long enough to eliminate range ambiguity. Range ambiguities
can be eliminated by transmitting pairs of codes with slightly
different baud periods, usually 10 and 11 µs. To obtain the
distance to the target, the radar system measures the RT travel
time of the radar signal, from which the distance can be
calculated. The range resolution depends on the time duration
of one baud (chip rate), not the overall pulse. A subpulse
is made short to give high-range resolution, while keeping
the overall transmitted pulse longer, resulting in high average
transmitted energy. A BPC waveform modulation scheme is
shown in Fig. 5.
Currently, different configurations are used if objects’
echoes permit them. Typically, the ranging starts with 10 and
11 µs to get an absolute range measurement. If the echo is
received successfully, 1, 0.5, 0.25, and 0.125 µs are used
consecutively to further refine the range measurement of the
object. For example, the resolution obtained from a 1-µs range
gate size is about 150 m. With 0.125 µs, the resolution is about
18.75 m and with 0.1 µs, the resolution is 15 m. At higher
baud resolutions, the sidelobe frequencies extend beyond what
is safe for the klystrons. The best range resolution at Goldstone
using BPC waveforms is obtained by using 0.05-µs BPC as
mentioned above, giving a resolution of 7.5 m on the existing
DSS-14 high power transmitter and accomplished with the
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Fig. 6. Chirp waveform modulation scheme showing the frequency swept
for every baud repetition period and the bandwidth used.
addition of a wide band low pass filter after the waveform
generator.
Chirping or LFM is a more bandwidth efficient ranging sig-
nal used by GSSR in NEO observations, as it provides the best
range resolution. In general, chirping correlation properties are
slightly inferior to BPC, but the bandwidth efficiency allows
for higher resolution ranging. A chirp waveform modulation
scheme is shown in Fig. 6. The use of the chirp waveform for
GSSR ranging is based on an informal report [32]. An internal
JPL study [33] found that the practical bandwidth limit for
the current Goldstone klystrons is 40 MHz, which leads to
images at 3.75-m resolution [26]. The fundamental limitation
to the range resolution is the bandwidth of the klystron power
amplifiers through which the “chirp” waveform passes.
IV. GSSR MODIFICATIONS AND NEW CAPABILITIES
During the past few years, in order to enhance the GSSR’s
ability to serve the planetary radar community, a number of
modifications have been made.
1) A Higher Level of Automation: This modification
enables the remote operation of the GSSR by the P.I.
and the operator, reducing the level of complexity.
By providing a remotely operable automation procedure,
the number of scientific requests from P.I.s is expected
to grow significantly, together with an increased in
the number of P.I.s that the GSSR can attend. New
capability: reduced complexity in remote operations.
2) A New Software-Driven Waveform Generator: The Arbi-
trary WFG (S-AWG). This modification enables ver-
satility on the design of experiments allowing for a
greater range of IF frequency selections and waveform
definitions. With the new S-AWG, an increased number
of scientific requests is expected since a variety of
experiments are now possible. This will also contribute
to the number of P.I.s that considers the GSSR for
their investigations. New capability: increased experi-
ment design versatility.
3) The Availability of the GSSR DCAR Receiver in Other
Complexes, such as AO or GBT Observatories: This
modification to the other observatories enhances their
current capability and enables them to receive transmis-
sions from DSN antennas, such as DSS-13 or DSS-14.
The experiments benefit from the bigger size antennas,
such as GBT’s 100-m dish. Therefore, by equipping
external observatories with a GSSR DCAR receiver, bet-
ter range resolutions are achieved in bistatic experiments
between the DSN and other observatories, i.e., 1.875 m
when DSS-13 radiates an 80-MHz chirp or 3.75 m
when DSS-14 radiates a 40-MHz chirp, and in general,
bistatic experiments are more scientifically successful.
New capability: increased performance on bistatic radar
experiments from GSSR to other observatories.
Section IV-A–IV-C detail the modifications made to the
GSSR systems to obtain the abovementioned new capabilities.
A. Automation of the GSSR Operation
This section describes the effort carried out during the
last years toward a higher level of automation in order to
allow reduced complexity in remote operations. This section
is organized into two parts. The first part presents an overview
of the operator’s responsibilities. The second part describes a
general procedure using GSSR automated software package to
assist the operator in achieving successful observations.
1) Definition of Operation: For a successful radar track,
a GSSR operator is required to carry out a number of critical
functions that ensure the success of the track and prevent the
GSSR from being damaged. The following list provides the
required actions:
1) Interface With DSN Operators: Automatic link
builder (ALB) and link monitor and control (LMC).
Communications between the GSSR operator and the
assigned ALB operator (Goldstone/Madrid/Canberra)
are maintained during precalibration and postcalibration.
GSSR calibrations cannot begin until the antenna is
fully configured (subreflector and DSN microwave
elements) and any interlock issues are addressed to the
operator. The LMC operator is then contacted to ensure
that the initial predictions have been loaded correctly
and to perform initial antenna movement from stow.
Once the antenna is tracking, full control is given to
the GSSR sequencer (Fig. 3) to change targets, offsets,
and ephemeris files when needed, and communication
with DSN operators is minimal.
2) Interface With Transmitter (XMT) Operator: Communi-
cation with the XMT operator is important as the trans-
mitter calibration requires coordination with waveguide
switch and drive activities. While the transmitter is being
warmed up and calibrated, no other activities are con-
ducted. The beam is solely controlled by the transmitter
operator and cannot be turned on/off remotely. The
waveguide switch is controlled by GSSR operator and
must be properly configured for transmitter warm-up/
calibration.
a) During echo acquisition, the beam is usually turned
on. The waveform output triggers the exciter ON
or OFF for transmit–receive cycling. At this time,
the whole control is under the GSSR opera-
tor, which supports the main rationale for the
sequencer’s automation.
b) The RT time caused by the electronic delay is
calculated for each waveform before Doppler pre-
compensation is applied. This process is called
local loopback calibration. It is achieved by leaking
a small amount of energy that goes from the
waveform generator all the way up to the sub-
reflector via the transmit path and bounces back
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to the back-end receiver. The time difference of
the signal leaving the waveform generator to the
signal collected by the receiver is the system’s
overall electronic delay. The loopback delay calcu-
lated with higher resolution waveform will always
generate more accurate delay. The best number
that can be obtained is referred as to absolute
ranging.
c) The local loopback information also serves as a
configuration check to confirm the transmit signal
is what the receiver expects.
3) Control and Monitor Antenna Movement: Antenna
pointing to the target is critical for the success of the
radar observation. During transmission, the antenna con-
centrates its energy into a shaped beam that points in the
direction of the desired target. At DSS-14, the pointing
is controlled by a so-called “source” file that consists
of three sets of timestamped right ascension (RA) and
declination (DEC) pairs of the target. With proper inter-
polation, the target can be tracked precisely. In addition,
DSS-14’s antenna control system also provides the pos-
sibility to set an offset which enables the capability to
apply minor changes to its pointing. The GSSR uses
this offset to adjust for the pointing difference produced
when switching from the transmit position to the receive
position, and vice versa. It is important to set pertinent
antenna movement and offsets by setting antenna point-
ing and automotion, such as boresights and uploaded
pointing, which can also be updated in real time. In order
to prevent interlock, waveguide switches need to be
controlled and sequenced. Note that to ultimately prevent
damage to high-power transmitter, quick decisions are
often required.
4) Monitor, Calibrate, and Record System Temperature
(Tsys): It is required to calibrate Tsys during precalibra-
tion and monitor it throughout the observation. Tsys can
change due to weather conditions, elevations, or beam
obstructions. The information is always logged and
can be used for radar cross-section (RCS) calculation,
incoherent summing, and model shaping.
5) Control Signal Routing Path: Properly patch the uplink
and downlink signal cables for accurate transmit/receive
configuration.
6) Configure and monitor P.O. and waveform generator
with ephemeris for Doppler precompensation. It is
required to properly configure the synthesizer, which
must be referenced, to monitor instantaneous Doppler
frequency versus expected frequency and understand the
ephemeris file.
7) Control back-end receiver with filter, level, and band-
width settings. It is required to select appropriate filter
and attenuation based on the transmitted waveform,
properly set up coupling (ac/dc), and properly config-
ure receiver’s LOs (2× IF center) and levels.
8) Command data acquisition and recording, including syn-
thesizers for ADC.
9) Calibrate absolute ranging with loopback.
10) Real-time image processing and presentation.
11) Revise Ephemeris File: This step is carried out if the P.I.
requests it and allows for fast turn-around on reconfig-
uration of the predict file, if provided.
12) Dynamic Decision-Making: A dynamic process that
allows real-time decisions helps scientists to make opti-
mal decisions in maximizing the scientific return of the
observation.
From the list of critical actions and the coordination needed
between DSN operators, GSSR operator, and P.I.s, it is appar-
ent that the operation of the GSSR is very complex. Next, we
present the operation procedure and the efforts made to ease
the role of the GSSR operator during a track.
2) Operation Procedure: During the last years, a GSSR
automated software package has been designed to increase the
efficiency in the procedures during a radar track, and improve
the communication between GSSR operator, antenna operator,
transmitter operator, and the P.I.s. Fig. 7 shows the overall
operation procedure. Before each experiment, the P.I.s need
to submit a track request to DSN scheduler. Once the track
is approved, the P.I.s need to furnish target information (such
as ephemeris and antenna transmitter/receiver offsets) to the
operator. During the track day, the P.I.s can observe the track
by logging into the GSSR back-end machine, where they will
receive real-time processed images. From the images, P.I.s can
make decisions for another suitable configuration based on the
available SNR. After several iterations, a desired configuration
can be derived for the best scientific value of the target. Each
configuration will be input into the GSSR automated software
package, which can be controlled by a GSSR operator or the
P.I.s themselves. For simplicity, for the following description,
we refer to this person as an operator. Various P.I.s and GSSR
operators (when present) usually communicate and discuss
through available communication tools, such as Skype or
WebEx. The discussions that occur there are often vital to
the success of the track. These discussions are often logged
or archived as well. The operator needs to coordinate with
the DSN operator to build an LMC. The operator also needs
to work with the XMT operator for transmitter calibration.
Extended details on what is conducted in the GSSR automated
software package are shown in Fig. 8.
From the diagram shown in Fig. 8, the GSSR auto-
mated software package starts by initializing the GSSR and
starting the master sequencer GUI [shown in Fig. 15(a) in
Appendix A]. A number of actions are carried out during
initialization, such as creating directories for the particular
track, setting the target name, establishing the RT time, locat-
ing the predicts file, and filling antenna pointing information.
After everything is set up, the operator communicates to the
LMC that the link is ready to be assigned. After approval,
all antenna function can be remotely controlled by the mas-
ter sequencer through EAC. The operator then proceeds to
measure the system parameters (Yfactor, system temperature,
and transmitted power), which are recorded into a log file
for archiving. If needed, the operator can proceed with the
boresight calibration. The system environment is also read and
stored into a file. The next step is to setup the antenna control
and ask for LMC approval for controlling the antenna and for
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Fig. 7. Radar track operation procedure diagram.
Fig. 8. GSSR automated software package diagram.
radiation, which once approved will assign control through
the EAC.
The operator will properly set up the signal path switch,
such as channels, polarizations, bandpass filters, and atten-
uation, and then proceeds with the system configuration,
i.e., the receiver configuration, the waveform configuration,
and loopback settings, if/when needed. Given that the operator
already obtained radiation approval, the beam can be turned
on.
At any time, as shown in both Figs. 7 and 8, the P.I.s can
stop the transmission, either because the track is ending or
because there is a need to change the system configuration.
Note that P.I.s are specifically mentioned here, as this task
is specific to them. When the operator receives the request
from the P.I.s, the operator stops the transmitter. If there is a
request for a new setup, the operator repeats the steps from
system configuration to transmission. (There is no need to get
LMC approval after the initial approval.) If there is a request
to end the track, the operator turns the beam off, with an
option for stopping it gracefully (waiting until the end of the
receive cycle), or without further delay. In both cases, the
operator communicates with the transmitter operator to turn
the transmitter off. The operator then sets the GSSR and the
antenna into a safe position and disarms the systems. Once the
track is done, the operator prepares for a DSN critique report,
and gets it signed and sent to all concerned parties.
B. Arbitrary Waveform Generator (S-AWG)
This section describes the recent effort carried out toward
the development of the new software-driven Signatec Arbitrary
WFG (S-AWG) in order to allow more versatility in exper-
iment. The new S-AWG, as being software based, can run
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Fig. 9. S-AWG is a 1U rack mount Dell computer with two 44-core CPUs.
in a wide spectrum of machines from a Linux machine with
8 cores (16 threads) to a dual Intel Xenon server with 44 cores
(88 threads). The P.O./waveform generator used for years
at the GSSR is capable of producing CW, BPC, and chirp
waveforms. This waveform generator is an FPGA-based hard-
ware that has been in commission since 2010. Its design has
been unmaintainable due to the lack of vendor and designer
support and the availability lack of hardware parts. In addition,
the design is based an on-board crystal oscillator and only
three frequencies can be synthesized: 325, 460, and 560 MHz.
In order to add versatility to the waveform definition and
the frequency selection, a new waveform generator has been
designed: the S-AWG based on a Signatec PXDAC4800D-DP
board. The S-AWG is a software-driven system that allows
the custom selection of the IF frequency from 50 MHz to
1 GHz. In addition, any arbitrary waveform can be config-
ured: from the currently used CW, BPC, and Chirp to other
types of waveforms, such as single sideband band (SSB) and
quadrature amplitude modulation (QAM), among the many
possibilities. The S-AWG computer is shown in Fig. 9.
In Fig. 9, the Signatec PXDAC4800D-DP board and the
Valon Technology 5009 Dual Frequency Synthesizer Module
are marked. Appendix B includes specifications for these two
key components.
In addition, the GSSR automated software package also
includes a control panel for the S-AWG (Fig. 10).
Fig. 10 shows how a user can configure the S-AWG for
the currently defined waveforms. As it can be seen, the con-
figuration selected is for CW with an offset of 500 Hz, but
examples for BPC and chirp configurations are also given. The
development to have user-defined or flexible waveform is still
ongoing when this document is being written.
C. Equip GBT and AO With GSSR Back-end DCAR
Receivers
This section describes the effort carried out during the last
years toward bringing the GSSR back-end DCAR receiver to
other complexes in order to facilitate an increased performance
Fig. 10. GSSR S-AWG control GUI panel.
on bistatic radar experiments from GSSR to other obser-
vatories. The Robert C. Byrd GBT in Green Bank, West
Virginia, is the world’s largest fully steerable radio telescope.
The AO in Arecibo, Puerto Rico, was—until recent events—
the world’s second largest single-aperture telescope. Even
though AO’s size was next to the Five-hundred-meter Aperture
Spherical radio Telescope (FAST) in China, the AO power
capability was superior with 1-MW high-power transmitter,
while powerful transmitters are too large and heavy for FAST’s
small receiver cabin. The GBT observatory can carry out
bistatic radar measurements when combined with transmitting
DSS-14 or DSS-13 antennas. DSS-13 antenna is located just
15 miles from DSS-14 and has a 34-m dish.
GSSR back-end and DCAR receivers were installed on
AO and GBT telescope sites. In addition to the hard-
ware, a software package was delivered for easing config-
uration of the DCAR receivers. Cooperation among these
sites helped carry out some very interesting observations.
As an example, in June 2018, NEO 2017YE5 was suc-
cessfully observed in becoming very relevant to the press
and the public in general: “new observations by three of
the world’s largest radio telescopes have revealed that an
asteroid discovered last year is actually two objects, each
about 3000 feet (900 m) in size, orbiting each other”
(source: https://www.naic.edu/ao/node/1024#). More informa-
tion on this particular finding and other can be found
in the echo.jpl.nasa.gov website, where all GSSR and
other observatories observations are recorded and described.
Figs. 11 and 12 show images of the front panel and back
panel of the GSSR back-end DCAR receivers installed in the
external observatories.
Some of the specifications of the GSSR back-end DCAR
are as follows:
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TABLE V
SUGGESTED DCAR CONFIGURATION BASED ON THE TRANSMITTED WAVEFORM
Fig. 11. Photograph of the front panel of DCAR. An operator can
configure DCAR from the panel or via the GUI software provided.
Fig. 12. Photograph of the back panel of DCAR. The RS232 interface
allows the sequencer to protect the receiver while cycling between transmit
and receive for a monostatic track.
1) IF (50–1000 MHz) downconverter;
2) Individually configurable for single or dual polarization
inputs;
3) Programmable attenuation ranges from 0 to 70 dB;
4) Programmable low-pass filter (LPF) bandwidth ranges
from 160 kHz to 64 MHz;
5) Selectable ac- or dc-coupled;
6) Built-in power meters for diagnostics;
7) TTL-level XMT/RCV switching for monostatic
observation;
8) Support both RS232 and LAN interfaces with a fully
configurable front panel.
Table V presents a summary of the GSSR back-end DCAR
configurations that can be implemented depending on the
transmitted waveform.
There are a great variety of options for the different
waveform types that could be used to achieve different
Fig. 13. DCAR configuration of the GUI panel from the GSSR automated
software package.
Fig. 14. GSSR transmitter power capability timeline since 2017 to current
capability after S/N 111 and S/N 112 klystrons installation.
range resolutions. The GSSR automated software package
also includes a configuration GUI panel that allows those
configurations (Fig. 13).
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Fig. 15. GSSR automated software package panels. (a) Master sequencer GUI and (b) waveform generator GUI panel.
As can be seen from Fig. 13, the GUI allows the operator to
fully control and monitor DCAR operation status. An operator
can set the correct LPF, set the level based on the power
meter reading, and change the LO frequency to match the IF
frequency. Signal coupling is also controllable. As mentioned
above, along with the hardware, this software and the signal
processing software were also provided to the GBT and
the AO.
V. RETURN TO THE SERVICE OF GSSR
JPL and CPI collaborated over the past five years to redesign
GSSR’s klystrons for increased reliability and improved
performance. The prototype of the redesigned klystron S/N
110 was accordingly developed and tested for a year.
The GSSR had full power (∼450 kW) until September 2017,
when one of the previous klystrons failed. Since that moment,
the GSSR started operating at 50% power, using only S/N
110. Another failure made the GSSR operate at only 110 kW
using a spare klystron for over a year, in order to prevent
the failure of the last functioning klystron. In March 2019,
the last working klystron failure made the GSSR nonoperative
for nearly one year and three months.
CPI delivered a new klystron (S/N 111) in June 2020, which
was then installed in the DSS-14 antenna and successfully
performed its first radar tracks in September 2020 with a
power capability of 250 kW. A second klystron (S/N 112)
was completed by CPI and installed on the GSSR in Novem-
ber 2020 which has allowed the return of the GSSR to its full
∼440 kW operation. Fig. 14 shows a power capability timeline
of the klystrons and power capabilities of the GSSR from
2017 to the present capability after the successful installation
of klystron S/N 111 and klystron S/N 112.
VI. CONCLUSION
The GSSR is a very powerful asset that for several decades
has served in the radar scientific community by supporting
experiments that looked at a great variety of solar system bod-
ies. From its creation, the GSSR has supported observations
of Venus, Mercury, Moon, Mars, the Galilean satellites, and
Titan. More recently, the use of the GSSR has been focused
primarily in the tracking and characterization of asteroids.
In this article, we have presented a number of modifications
that have enabled new capabilities: reduced complexity in
remote operations, increased experiment design versatility,
and increased performance on bistatic radar experiments from
GSSR to other observatory complexes. These new capabilities
have brought the GSSR closer to the needs of the scientific
community showing increased performances of the science
return. Thanks to the current GSSR capabilities, and the
return to service at full-power capabilities in November 2020,
the expected outcome is an increase in scientific experiments
as well as an increase on the number of P.I.s employing the
GSSR in their scientific investigations. An increased number
of investigations will increase the scientific return associated
to the GSSR and will help toward increasing our knowledge on
planetary science. Given the vision toward setting astronauts
in the Moon, the recent successful commercial launch to the
International Space Station, and the forecast increase of space
traffic around Earth, the Moon and potentially Mars, in the
upcoming years, it becomes of importance to improve the
capabilities for detecting and monitoring small solar system
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Fig. 16. Signatec PXDAC4800D-DP board.
Fig. 17. Valon Technology 5009 Dual Frequency Synthesizer Module.
bodies. The GSSR is a key asset that accomplishes both
science objectives, helping in the understanding of the solar
system, and planetary defense objectives, helping toward the
critical task of improving asteroid or debris impact predictions.
APPENDIX A
This appendix provides an illustrative example of the GSSR
automated software package GUI (Fig. 15).
Fig. 15(a) and (b) shows the GUI panel for the master
sequencer and the GUI panel for the waveform generator,
respectively. In particular, Fig. 15(b) shows an example of the
configuration set for the monostatic tracking of an NEO with
a 10-µs BPC waveform.
APPENDIX B
This appendix includes the specifications for the two key
components of the S-AWG: the Signatec PXDAC4800D-DP
board and the Valon Technology 5009 Dual Frequency
Synthesizer Module.
The specifications of the Signatec PXDAC4800D-DP board
(see Fig. 16) are as follows:
1) Up to 900 MB/s continuous sustained transfer via PCI
Express x8 Bus;
2) Four dc-coupled 14-bit or 8-bit DAC outputs;
3) 14-bit 1.2 GS/s for two channels or 600 MS/s for four
channels;
4) 8-bit 1.2 GS/s for four channels;
5) 1-GB DDR2 RAM;
6) Based on analog devices AD9736 DAC;
7) Output ranges from 400 to 1470 mV;
8) Bandwidth up to 400 MHz (ac-coupled) or 590 MHz
(dc-coupled).
The specifications of the Valon Technology 5009 Dual Fre-
quency Synthesizer Module and the quadrature modulator (see
Fig. 17) are as follows:
1) Frequency range: 23–6000 MHz;
2) Output power: +15 dBm and can be adjusted in 0.5-dB
steps with 31.5-dB step attenuator;
3) Two independent sources phase locked to the same
internal or external reference;
4) USB and TLL serial interface;
5) Flash-based, nonvolatile memory.
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